Objective-To determine the contribution of fast and slow inward channels to the electrocardiogram (ECG) of ventricular fibrillation. Methods-Ventricular fibrillation was induced by endocardial electrical stimulation in pigs anaesthetised with pentobarbitone sodium (30 mg/kg intravenously). ECGs simultaneously recorded from the body surface (lead II) and from the endocardium were studied by power spectrum analysis (0-40 Hz). Results-The mean (SEM) dominant frequency of fibrillation (9- and intramural electrodes2 show that in the early stages of fibrillation, ventricular activation fronts recorded on the epicardial surface are more organised than is suggested by the body surface electrocardiogram (ECG).
II at 0-40 s) did not change significantly with time in pigs given intravenous saline. However, the dominant frequency was significantly reduced by intravenous pretreatment with the class I antiarrhythmic drugs, lignocaine (3 mg/kg, 6'5 (05) Hz; 10 mg/kg, 4*2 (0.6) Hz), mexiletine (3 mg/kg, 6'2 (0-4) Hz; 10mg/kg, 55 (0.4) Hz), and disopyramide (2.5 mg/kg, 5*4 (0.6) Hz). After flecainide (3 mg/kg, 6i9 (0.5) Hz) the reduction in frequency was not significant. Similar data were obtained with endocardial recordings. In contrast pre-treatment with verapamil (0-2 mg/kg, (0.8) Hz; and 1-0 mg/kg, 12*9 (1-6) Hz) produced a significantly higher dominant frequency of fibrillation than saline and widened the bandwidth of frequencies around the dominant frequency. Conclusions-These results indicate that voltage-dependent sodium channel currents contribute to the rapid frequencies of ventricular fibrillation. Blockade of Ltype inward calcium channel activity increases the fibrillation frequency and fractionates the frequencies of the fibrillation wavefronts.
(Heart 1996;76:513-519) Keywords: antiarrhythmics; ventricular fibrillation Despite previous investigations the relative importance of the voltage dependent or fast sodium and of the L-type "slow" or prolonged calcium inward currents in ventricular fibrillation remains controversial. In this arrhythmia the activation frequencies of individual myocytes are extremely rapid, and may exceed 7-11 Hz.'2 Studies using multiple epicardial3
and intramural electrodes2 show that in the early stages of fibrillation, ventricular activation fronts recorded on the epicardial surface are more organised than is suggested by the body surface electrocardiogram (ECG).
Fast Fourier transform analysis enables the relative contributions of different frequencies to a complex waveform to be assessed as the power spectrum (where power is proportional to amplitude squared). Such analyses of body surface and endocardial ECG recordings of ventricular fibrillation indicate that despite the fractionated electrical activity in the myocardium, the clinically recognisable periodicity of the fibrillation waveform is dominated by a narrow band of frequencies."9 The dominant or peak frequency is obtained from the spectrum. The coherence of the signal around this dominant frequency is estimated by the width of the frequency band between the frequencies above and below this peak where the signal power is 10 dB less than that for the dominant frequency. A more fractionated waveform should have a wider range of frequencies.
The fast Fourier transform method has been used in our unit to study ventricular fibrillation after acute myocardial infarction in patients and its relation to successful resuscitation. 7 We have shown that the likelihood of successful resuscitation increased with a dominant frequency greater than 5 Hz. Frequencies less than 5 Hz were associated with nonsurvival.
The actions of class I antiarrhythmic drugs on the cardiac voltage-dependent sodium channels vary'0 because their electrophysiological effects are both voltage and rate dependent," 12 Calcium ions and the L-type calcium channels have an important role in both the initiation and maintenance of ventricular fibrillation. '5 16 Moreover, the accumulation of intracellular calcium during ventricular fibrillation has been linked to the development of post-fibrillation dysfunction. [16] [17] [18] [19] 19 This fall in frequency is less marked in the human. 7 The pig heart seems to be a more suitable model because it shows a slower frequency, similar to the human, and slower changes in dominant frequency with time. 22 Hence in the present study the electrophysiological events during ventricular fibrillation were studied in the pig heart, using simultaneous recordings to determine the power spectrum of the fibrillation waveform from the body surface and the endocardium. This paper reports the effects of sodium and calcium channel blockade on established ventricular fibrillation in the pig heart.
Methods
Pigs of both sexes (24- Individual 4 s periods of ventricular fibrillation gave power spectra with a frequency range of 0-100 Hz and 0-25 Hz resolution. A Hanning window was used to reduce the error in frequency resolution caused by analysing a finite number of samples. Analysis of test frequencies recorded through the ECG amplifier showed a flat frequency response from < 0-25 to 40 Hz for the system. Ten sequential power spectra were averaged to give a spectrum for each 40 s period of ventricular fibrillation. Using the screen cursor we determined the peak or dominant frequency, the corresponding amplitude (power in decibels, dB), and the dispersion of frequencies around this peak frequency (± 10 dB limits). Each power spectrum was printed (Bruel & Kjaer Type 2308 Recorder) STATISTICAL 
ANALYSIS
The results are expressed as the mean (SEM).
Comparison between the means of the different treatment groups was made by analysis of variance and Duncan's multiple range test (Oneway; SPSS). Further analyses used both parametric (t tests) and non-parametric tests (Mann-Whitney U and Kruskal-Wallis). The null hypothesis was that there were no signifi- Mean values (SEM) for the nine groups of five pigs. None of the treatment groups showed a significant difference from the values for the control "no drug" group. (18) 107 (12) 100 (7) Disopyramide (2 5) 92 (8) 93 (8) 100 (5) 95 (5) Lignocaine (3) 109 (6) 96 (6) 97 (3) 93 (4) Lignocaine (10) 93 (4) 78 (5)** 98 (5) 82 (8) Mexiletine (3) 99 (7) 93 (7) 91 (4) 90 (3) Mexiletine (10) 98 (11) 92 (14) 97 (4) 88 (8) Flecainide (3) 105 (12) 106 (6) 110 (10) 90 (7) Verapamil (0 2) 130 (15) 135 (12) 113 (6) 101 (7) Verapamil (1 0) 113 (3) 115 (5) 100 (9) 74 (6)* Mean values (SEM) for the nine groups of five pigs. *P < 0 05; **P < 0 01 compared with "no drug" group.
cant differences with time between the values observed within and between the different treatment groups. The level of significance for rejection of the null hypothesis was P < 0 05.
Results
The mean body weights, heart weights, and the oesophageal temperature (mean 36-5 (0 1)'C) were similar in the nine groups (table   1) . Arterial blood pH, PXc02 and PaO2 did not differ significantly between the nine groups either during the control period (not shown) or five min after the administration of antiarrhythmic drug (table 1) . Initial haemodynamic variables were also comparable, with no significant differences for heart rate and systolic (or diastolic) arterial blood pressures before drug administration in the nine groups (table 2) . In the pre-drug control period the electrophysiological variables of the ECG (lead II) did not differ significantly between any of the eight active treatment groups and that in the control group (PR interval 100 (8) ms, QRS duration 62 (10) ms, QT interval 352 (42) ms). After antiarrhythmic drug administration there were still no significant differences between the control group and the eight active treatment groups with respect to these measurements. Ventricular fibrillation was induced with a single burst of stimulation at 10 V in all animals in the "no drug" control group and in the two groups pre-treated with verapamil. All groups treated with class I antiarrhythmic drugs showed an increase in the threshold voltage needed to cause fibrillation, which was significantly greater than the "no drug" control values after treatment with the class IB drugs, lignocaine (3 mg/kg, 17-0 (1 2) V; 10 mg/kg, 23-0 (2 0) V; P < 0 01) and mexiletine (10 mg/kg, 17-0 (3-4) V; P < 005).
Generally the power spectra of ventricular fibrillation, whether recorded from the body surface (lead II) or simultaneously from the right ventricular endocardium, were initially similar and showed similar changes with time in dominant frequencies and ± 10 dB bandwidths. As expected, the power (dB) of the dominant frequency, proportional to the (amplitude) squared, was consistently higher in the signal from the endocardial lead.
In the control group the mean dominant frequency recorded from lead II, which was initially 9 0 (1 1) Hz (fig 1) , did not drop significantly after 200 s of fibrillation (7 7 (0 7) Hz). The mean dominant frequency in the endocardial lead was similar at 0-40 s to that in lead II (table 3) (1-0)** Verapamil (1-0) (1-6)** 96-7 (1-8) (1-6)* 12-0 (1 5) 1022 (0-7)* 9-8 (1-0)** Mean (SEM) for dominant frequency and its amplitude and -10 dB frequency bandwidth in the nine treatment groups for both the surface lead II and endocardial ECG. *P < 0-05; **P < 0-01 compared with "no drug" group.
Pre-treatment with the class IA drug, disopyramide (2.5 mg/kg, plasma concentration 1-5 (0 2) ,g/ml) reduced the initial dominant frequency of ventricular fibrillation in lead II (table 3) , with no further reduction over the 200 s period (fig 3) . The dominant frequency from the endocardial lead was not reduced significantly in the first 40 s, although it fell after 80 s and remained significantly lower than the "no drug" group in the remaining record (fig 4) . This was the only group with a significant difference in dominant frequency between lead II and the endocardium (for 0-40 s, P < 0 05; table 3).
The class IB drugs had a marked depressant effect on the dominant frequency of ventricular fibrillation. The lower dose of lignocaine (3 mg/kg, plasma concentration 3-3 (0 5) ,ug/ml) had little effect on heart rate and blood pressure before ventricular fibrillation (table 2) , but reduced the dominant frequency of fibrillation in both lead II (fig 1) and the endocardium (fig 3) .
After lignocaine (10 mg/kg, plasma concentration 15-8 (1-2) ,g/ml) there was a fall in heart rate before the induction of fibrillation (table 2). The dominant frequency from lead II was low initially (table 3) reduced the dominant frequency of fibrillation in lead II (table 3 ) and the endocardium. With mexiletine (10 mg/kg) the dominant frequency was reduced initially in both lead II and the endocardium (table 3) , and continued to fall with duration of the fibrillation (figs 1 and 2).
Concentrations of mexiletine could not be determined reliably in pig plasma. After pretreatment with the larger doses (10 mg/kg) of the class I antiarrhythmic drugs, lignocaine and mexiletine, the lower dominant frequency of fibrillation and increased peak power were accompanied by a narrowing of the -10 dB bandwidths in both lead II and the endocardium (table 3) , suggesting increased coherence of the fibrillation signal.
The class 1 C drug, flecainide (3 mg/kg, plasma concentration 2-2 (0 3) ,ug/ml) did not significantly reduce the dominant frequency of ventricular fibrillation in the initial 40 s (table  3) although it did fall significantly after 80 s of fibrillation in lead II (fig 3) , and fell thereafter in the endocardium (fig 4) .
The mean peak power of ventricular fibrillation recorded from lead II (table 3) was significantly higher than the control "no drug" value after pre-treatment with lignocaine (10 mg/kg), mexiletine (10 mg/kg), and flecainide (3 mg/kg). In all groups the power of the endocardial signal was bigger than that from lead II, but only after pre-treatment with lignocaine (10 mg/kg) was this increased significantly above "no drug" endocardial values. The only significant difference in dominant frequency between lead II and the endocardial recordings was seen after pre-treatment with disopyramide, as noted above.
EFFECTS OF VERAPAMIL
The higher dose of verapamil (1 mg/kg, plasma concentration 261 (81) ng/ml), had cardiovascular effects, with a drop in both systolic and diastolic arterial blood pressures compared with pre-drug values (P < 0.05, table 2) and an increase in the PR interval (106 (6) to 132 (8), P < 0-05). After the higher dose of verapamil (1 mg/kg), the dominant frequency of fibrillation in lead II was initially increased compared with the control group (table 3). The frequency continued to rise to a peak at 80 s (fig 3) , before falling towards control group levels at 280 s. The endocardial recording gave similar results, with an initial frequency significantly higher than the control, a peak frequency at 80-1 (16-0 (0 8) Hz), nearly twice as high as control group (8 1 (1 1 (fig 3) . The from the endocardial lead showed a sir time course. Although the initial endoca dominant frequency did not differ signific; from the corresponding "no drug" data (l 3), the dominant frequency at 80 s was sig cantly larger (fig 4) .
The mean peak power of ventricular fib tion from lead II was similar in the two pamil groups and the "no drug" group (i 3). However after the higher dose of verap the mean peak power from the endocarc was lower than in the "no drug" group. I verapamil, the -10 dB bandwidth incre significantly in the endocardium after botl high and low doses and in lead II 90-100 ms shortening to 50-60 ms are seen 2.5) during fibrillation.2 These short cycles correspond to the dominant frequencies ofventricular fibrillation reported in the present and previous studies.
The fast Fourier transform has several wellrecognised limitations. 26 We have sought to minimise these artefacts by recording with an anti-aliasing filter at 44 Hz and using a highly developed scientific instrument for the frequency analysis. The effects of frequency leakage, which would slur and widen the definition of the central frequency, were reduced by a Hanning window, to give a more rounded end point to the series of samples. The ECG of ventricular fibrillation is ideally suited to this type of analysis because it is a continuous rhythm disturbance. Hence the power spectrum permits the assessment of the relative contributions to the ECG of different frequencies over a reafrom sonable period of time. No difference was seen in the amplitude of the ECG signal, which indicates the coarseness or fineness of the signal. The physiological basis of the power spec-120 s trum of ventricular fibrillation is contentious.
the Since the report of Nygards and Hulting in ad a 19774 several groups have analysed the fre-) s.
quency spectrum of fibrillation. Most interestg/kg, ingly Goldberger et al5 have suggested that the was narrow power spectrum of ventricular fibrilladias-tion indicates some ordering, possibly reprea the senting deterministic chaos. This has been latic. disputed by Kaplan and Cohen,27 who found was little difference between fibrillation and a non-I sig-chaotic random signal. p for
The frequency of ventricular fibrillation may data be crucial in determining the success of resuscimilar tation. Over the first 400 s of ventricular fibrilrdial lation, the mean dominant frequency did not antly fall significantly in untreated pigs. This contable trasts with the rapid drop in dominant gnifi-frequency seen in the unperfused dog myocardium after 60-90 S.3 619 Brown et al have rilla-also reported that the median frequency of fibvera-rillation did not drop in the pig myocardium, table but increased to about 13 Hz after 4 min of fib-)amil rillation, and then fell slowly over a further 10 lium min.22 In this respect ventricular fibrillation in After the pig, rather than the dog, may be more typical ased of clinical fibrillation in man.7 h the high DRUGS ACTING ON VOLTAGE-DEPENDENT f the SODIUM CHANNELS All of the sodium channel blocking drugs tested reduced the dominant frequency of the fibrillation waveform. However, the class IB drugs did this most dramatically. Lignocaine also increases the threshold energy required to achieve successful defibrillation,30 possibly because effective sodium channel blockade during ventricular fibrillation increases the current required to depolarise a critical mass of myocardium and achieve successful defibrillation.
Pre-treatment with disopyramide (2-5 mg/ kg)23 gave a plasma concentration at the low end of the therapeutic range (2-8 ,g/ml)3' and reduced the dominant frequency of fibrillation in lead II and the endocardium to a similar extent as the class IB drugs. In the greyhound this dose (2-5 mg/kg) was effective in preventing ventricular arrhythmias and fibrillation after ligation of a coronary artery, despite causing a reduction in cardiac output.32 Disopyramide differs from lignocaine and mexiletine in that it binds to the voltage-dependent sodium channels in the open state. '0 In contrast, the class IC drug flecainide (3 mg/kg) was the least potent of the class I drugs, and did not significantly reduce the dominant frequency of fibrillation for the initial 0-40 s period, despite a high plasma concentration (therapeutic range 0l8-1l6 yug/ml).3' Though this may reflect the slower onset kinetics attributed to this subgroup of drugs, the time scale for action is much longer than their reported dissociation constants.'2 Cardiac effects, with a modest fall in systolic blood pressure and increase in the duration of the QRS complex compared with pre-drug values were noted after flecainide in the present study. Treatment of pigs with the same dose of flecainide (2 mg/kg) reduced cardiac output and prevented ventricular tachycardia and fibrillation due to acute myocardial ischaemia. 25 However, flecainide can cause some blockade of L-type Ca++ channels in the heart33 which, by analogy with the effects of verapamil, may maintain or increase the frequency of fibrillation.
Alterations in the duration of the action potentials and effective refractory periods induced by these drugs do not seem to have been important in determining the frequency of ventricular fibrillation in the present study. A shortening of the action potential duration, as with the class IB drugs lignocaine and mexiletine, could facilitate high frequency activity. The converse would certainly be expected of class IA drugs, such as disopyramide, which lengthen the action potential duration. However in the present study, all of the class I drugs acted in a similar manner, suggesting that their predominant action is blockade of the voltage-dependent sodium channels, and that the nature and extent of this interaction and various pharmacokinetic considerations determine their potency.
Effects of verapamil
In the present study verapamil had two effects on ventricular fibrillation. Firstly it increased the dominant frequency of ventricular fibrillation in a dose dependent manner. With the higher dose of verapamil, the frequency peaked at about 16 Hz, nearly twice the frequency in the control group. A similar result was reported in ventricular fibrillation in dogs treated with verapamil34 or nifedipine.'9 Secondly the bandwidth of frequencies around this dominant frequency was increased after verapamil in both the endocardium and myocardium.
Two explanations can be offered for this effect of verapamil on the frequency of fibrillation. The first is that the increased frequency of fibrillation is an electrophysiological effect-a shortening of action potential duration caused by blockade of the L-type inward calcium channel. Although verapamil shortened the duration of the plateau of the action potential in canine Purkinje fibres (APD5O%) it did not have much effect on ventricular muscle fibres.35 However, the action potential duration in both Purkinje and ventricular fibres showed alternation to a lesser extent after a sudden increase in stimulation rate when pre-treatment with verapamil was given. Hence shortening of the action potential duration after verapamil is minimal and does not fully explain the marked rise and subsequent fall in the dominant frequency of fibrillation observed in this study with the higher dose of verapamil.
In acutely ischaemic myocardium verapamil reduces conduction delay in both dog3'638 and pig.39 Verapamil also prevents the development of ventricular fibrillation after coronary artery ligation in pig20 and dog3640 and increases the threshold current for fibrillation in the ischaemic dog heart.3738 Calcium blockade preserves myocardial metabolism in ischaemic ventricular tissue.21 39 41 In the ischaemic pig heart the leakage of potassium and accumulation of H+ are reduced and delayed by pretreatment with verapamil.39
Previous studies have shown that pretreatment with calcium channel blocking drugs prevents post-defibrillation dysfunction and improves resuscitation from ventricular fibrillation of 120-150 s duration.'8 19 Hence an alternative explanation is that verapamil acts in a cardioprotective manner by blocking the marked influx and accumulation of calcium seen in the myocyte during fibrillation. '6 17 This would preserve high energy phosphates, improve the excitation-coupling processes, and could explain the rise in frequency over the first 80-120 s of fibrillation. Prevention of calcium accumulation would also reduce cell uncoupling at nexuses,42 which was suggested as the most likely mechanism in the dog heart.34 The fall in the dominant frequency of fibrillation to corresponding control values after 240 s would then represent the advent of intracellular calcium overload, as verapamil may only partially reduce the influx of calcium. Hence these drugs are cardioprotective only in the first few minutes of ventricular fibrillation.
Not all of the effects of verapamil on ventricular fibrillation are beneficial. Despite an increase in the frequency of the fibrillation waveform the administration of verapamil caused a dose-related rise in the threshold energy needed for internal defibrillation. 43 The widening of the bandwidth of fibrillation frequencies observed in the present study indicates an increase in fractionation of the fibrillation wavefronts, and could account for this adverse effect of verapamil on defibrillation.
This study showed that blockade of the sodium channel during ventricular fibrillation results in a slowing of the fibrillation waveform. The 
